Introduction
============

Prostate cancer is the second leading cause of cancer-associated mortality in males worldwide ([@b1-mmr-19-06-4819]). Nowadays, conventional drugs such as cis-platinum and mitomycin are usually selected for use as auxiliaries in chemotherapy or radiotherapy for prostate carcinoma treatment ([@b2-mmr-19-06-4819],[@b3-mmr-19-06-4819]). Several studies have directly or indirectly implied that patients with terminal cancer could be treated in the future using drugs targeting critical endogenous factors such as Her2/Neu, epidermal growth factor or tumor necrosis factor-α ([@b2-mmr-19-06-4819]--[@b5-mmr-19-06-4819]). Improved target selection of anti-cancer drugs is very important for clinical research. BLM RecQ like helicase (BLM) is a member of the RecQ helicase family that has a pivotal role in genetic recombination, transcription, DNA replication and DNA repair. BLM gene defects can cause Bloom syndrome, accompanied by cancer predisposition ([@b6-mmr-19-06-4819]--[@b9-mmr-19-06-4819]). A recent study indicated that knockdown of BLM impairs the normal proliferation and metabolism of cancer cells ([@b5-mmr-19-06-4819]). Drugs targeting BLM have been used to treat cancer ([@b5-mmr-19-06-4819],[@b10-mmr-19-06-4819]--[@b14-mmr-19-06-4819]). However, the majority of anti-cancer drugs are ineffective due to poor target specificity, and certain regulation mechanisms, such as the post-transcriptional control pathway of BLM gene expression, remain unclear, which limits the application of drugs targeting BLM for carcinoma therapy in the future. Therefore, it is urgent to identify endogenous factors that control BLM gene expression for subsequent cancer therapy research.

MicroRNAs (miRNAs) are small, noncoding RNA molecules that inhibit gene expression by post-transcriptional interaction with the 3′ untranslated region (3′-UTR) of target mRNAs. miRNAs are \~20 nucleotides in length and are highly conserved short single-stranded RNA molecules ([@b15-mmr-19-06-4819]--[@b17-mmr-19-06-4819]). Increasing evidence has revealed the critical roles of miRNAs in proliferation, colony formation, migration, invasion and DNA metabolism ([@b18-mmr-19-06-4819]--[@b20-mmr-19-06-4819]). miRNAs also have potential to be applied in cancer therapies as a novel drugs, and certain miRNAs that regulate BLM expression may be important for prostate carcinoma treatment. However, which miRNAs alter BLM helicase expression remains unclear. Recent studies have suggested miRNAs are involved in proliferation, differentiation, invasion, migration, cell cycle and apoptosis by acting on BLM mRNA ([@b21-mmr-19-06-4819],[@b22-mmr-19-06-4819]). Identifying miRNAs that target BLM is very useful and will expand the understanding of the relationship among miRNAs, BLM and cancer, as well as provide a prospective clinical treatment strategies for patients with prostate cancer by targeting BLM. However, one gene may be regulated by multiple miRNAs, so that the synergy or antagonism of miRNAs in post-transcriptional suppression process has huge potential benefits for novel miRNA and drug combination treatments. Therefore, understanding the miRNA interactions is important for further studies.

In the present study, prostate cancer cell line PC3 was selected for use in investigating the post-transcriptional regulation BLM gene expression by miRNA, and to understand whether potential anti-cancer drugs targeting BLM could be used in the future. Five miRNA were selected as candidates using online software and it was determined whether these have a negative effect on with BLM gene expression levels. miRNA mimics were overexpressed in PC3 cells and the BLM mRNA expression levels were subsequently detected. The miRNA seed sequence recognizes the target gene 3′-UTR, and a dual luciferase vector was constructed to detect miRNA effects on the target gene. Finally, western blot analysis was performed to monitor BLM protein expression levels following candidate miRNA overexpression. To determine the functional effects of multiple miRNAs in BLM gene expression, a Box-Behnken Design (BBD) experiment was designed to demonstrate the mutual effects between miRNAs. Proliferation, colony formation, migration and invasion assays provided further evidence for the hypothesis that miRNAs cooperatively regulate BLM gene expression and impact the normal proliferation and metabolism of cancer cells.

Materials and methods
=====================

### miRNA screening

The tools, including miRSystem ([mirsystem.cgm.ntu.edu.tw](mirsystem.cgm.ntu.edu.tw); version 21), TargetScan ([www.targetscan.org](www.targetscan.org); version 7.2), miRanda ([www.microrna.org](www.microrna.org); version 2010), PicTar ([www.pictar.org](www.pictar.org); version 2007), DIANA-MicroT-CDS (diana.imis.athena-innovation.gr; version 5.0), mirTarBase ([mirtarbase.mbc.nctu.edu.tw](mirtarbase.mbc.nctu.edu.tw); version 7.0) and DAVID ([david.ncifcrf.gov](david.ncifcrf.gov); version 6.8), were used to identify miRNAs that potentially bind to the BLM 3′-UTR ([Fig. 1](#f1-mmr-19-06-4819){ref-type="fig"}). The TargetScan V7.2, mirTarBase and DAVID V6.8 had been jointly used to predict candidate roles in cells and further screen the potential that miRNAs regulate BLM expression. Finally, the five miRNAs were selected as candidates by logical estimate.

### Cell culture and transfection

The human RWPE-2 normal prostate epithelial cell line and PC3 prostate cancer cell line were obtained from the Key Laboratory of Animal Genetics, Breeding and Reproduction (Guizhou University, Guiyang, China). RWPE-2 and PC3 were maintained using Dulbecco\'s modified Eagle\'s medium/F-12 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in addition with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 1% penicillin/streptomycin. Vector plasmids were constructed by a series of digestion and connection experiments. *Sal*I, *Xho*l and T4 ligase (Thermo Fisher Scientific, Inc.) had were used within the process of vector construction. The constructed plasmids (Promega Corporation, Madison, WI, USA), and miRNA mimics (negative control; hsa-miR-27b-3p mimics; hsa-miR-607 mimics; hsa-miR-628-5p mimic; miR-338-3p mimic; hsa-miR-361-3p mimics; GenePharma Co., Ltd., Shanghai, China) were transfected into PC3 cells using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) when cells were \~60% confluent, with 2,500 ng plasmid and 5 µmol/l miRNA used per well of a 6-well-plate, according to the manufacturer\'s protocol. The transfection efficiency of miRNA mimics was monitored by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) after 24 h.

### RNA isolation and RT-qPCR

Total RNA was extracted by using TRIzol reagent (Thermo Fisher Scientific, Inc.) and RNA quality had been monitored by ultraviolet spectrophotometry (Thermo Fisher Scientific, Inc.). Designed stem-loop primers ([@b23-mmr-19-06-4819]) and common primers, and 2 µg RNA were used for reverse transcription of miRNAs and BLM, respectively, using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.). qPCR analyses were performed using CFX-96 Real-Time PCR Systems and SYBR Green Mix (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Reverse and qPCR primers designed by software Primer5.0 and Oligo7.0 are shown in [Tables I](#tI-mmr-19-06-4819){ref-type="table"} and [II](#tII-mmr-19-06-4819){ref-type="table"}. miRNA transfectional efficiency is shown in [Table III](#tIII-mmr-19-06-4819){ref-type="table"} Relative expression levels were normalized to U6 or GAPDH, and calculated using the Pfaffl\'s method (calculated relative expression by using each PCR efficiency and of genes and Cq values).
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Ratio, relative expression ratio of target gene; Etarget, efficiency of target gene; Ereference, efficiency of reference gene; cqTsample, quantitative PCR cycle values of target gene in an unknown sample amplification satisfying the threshold; cqTcontrol, quantitative PCR cycle values of target gene in a control sample amplification satisfying the threshold; cqRsample, quantitative PCR cycle values of reference gene in an unknown sample amplification satisfying the threshold; cqRcontrol, quantitative PCR cycle values of reference gene in a control sample amplification satisfying the threshold.

### Plasmids

The pmir-GLO dual luciferase reporter vector (Promega Corporation), which expresses Firefly and *Renilla* luciferase, was used for a reporter gene assay analyzing the potential targeting BLM region of miRNA. The BLM gene 3′-UTR, mutational and deleted fragments were amplified using designed primers ([Table IV](#tIV-mmr-19-06-4819){ref-type="table"}) for the PCR reaction and subcloned into the pmir-GLO dual luciferase reporter vector to obtained reporter vectors PGL-UTR-WT, PGL-UTR-MUT and PGL-UTR-DEL. All reconstruction vectors had been verified via enzyme digestion analysis and Sanger sequencing. [Table IV](#tIV-mmr-19-06-4819){ref-type="table"} displays relative amplification primers of fragments.

### Dual luciferase reporter assay

At 24 h after co-transfection with the miRNA mimic and constructed reporter vectors, PC3 cells were analyzed for luciferase activity using the Dual-Glo^®^ Luciferase Assay kit (Promega Corporation) following manufacturer\'s protocol. PGL-UTR-WT and each miRNA were co-transfected into PC3 cells. PGL-UTR-MUT and miRNA (miR)-27b-3p, or PGL-UTR-DEL and miR-605 were co-transfected to further verify miRNA targeting sites of BLM. All data detected using a microplate reader are presented as relative firefly luciferase activity normalized to *Renilla* luciferase activity (Luc/Rluc).

### Western blot analysis

Total proteins were extracted from cells using lysis buffer (Solarbio Science & Technology Co., Ltd., Beijing, China) containing protease inhibitors at 24 h post-transfection with the miRNA mimic. Protein concentration was determined using a BCA Protein Assay kit (Solarbio Science & Technology Co., Ltd.) and 10 mg of each protein sample was used for western blotting. Total protein had been stacked and separated by polyacrylamide gel electrophoresis by 6% stacking gel and 10% separating gel. Protein was transferred to PVDF (0.22 µm). The membrane was blocked using 5% defatted milk in TBS Tween (TBST) at 37°C for 1.5 h. Specific monoclonal BLM (cat. no. ab5409; 1:1,000 dilution) and β-actin (cat. no. ab6276; 1:5,000 dilution) antibodies (Abcam, Cambridge, UK) in 5% defatted milk TBST were incubated with membranes at 4°C for 12 h. Goat anti-mouse horseradish peroxidase-conjugated IgG (cat. no. ab97040) was used as the secondary antibody and incubated with the membrane at 37°C for 1.5 h. When residual secondary antibodies were removed via TBST washing, the blot was detected using ImageLab software (version 2.0; Bio-Rad Laboratories, Inc.) after enzyme substrate reactions with BeyoECL Star Kit (Beyotime Institute of Biotechnology, Haimen, China).

### BBD

In the present study, Box-Behnken factorial design including 17 runs, 3 factors and 3 levels had been applied to explore the interaction of miR-27b-3p and miR-607 in regulating BLM gene. The relative Luc/Rluc activities were detected at 24 h after miRNA and PGL-UTR-WT vector co-transfection into PC3 and were used to calculate the interaction effects between miRNAs using Design-Expert 8.0 software (Stat-Ease, Inc., Minneapolis, MN, USA). Designed doses of miRNAs and designed methods were displayed in tables and each factor was coded by three levels: Low (−1; 0 µmol/l), medium (0; 5 µmol/l) and high (+1; 10 µmol/l; [Tables V](#tV-mmr-19-06-4819){ref-type="table"} and [VI](#tVI-mmr-19-06-4819){ref-type="table"}).

### Cell proliferation and colony formation assays

Cell proliferation was measured using the MTT method. Cells were seeded (10,000 cells/well), transfected with 2.5 µmol/l miRNA mimic in 12-well plates and incubated for various times. MTT incubation for 4 h, DMSO added to dissolve formazan, medium was removed and sample absorbency was detected at 490 nm. The growth curves over 3 days were calculated using the mean values of four wells. In the colony formation assay, PC3 cells transfected with miRNA were seeded at 5,000 cells/well in 12-well-plates and cell colonies in each well were counted following Giemsa staining after 5 days. Methanol (100%) was used to fix cells for 10 min at room temperature before Giemsa staining (1 mg/ml) for 10 min at room temperature. The numbers of colonies were counted using Gel-Pro32 software (version 4.0; Media Cybernetics, Inc., Rockville, MD, USA).

### Cell invasion and migration assays

Transwell chambers (Corning Inc., Corning, NY, USA) where the two chambers were separated by a Matrigel-coated polycarbonate membrane (Solarbio Science & Technology Co., Ltd.; size: 8 µm) were used to analyze cell invasion at 12 h after transfection. The upper chamber was filled with serum-free medium and the lower chamber was filled with complete medium with 10% FBS. Cells (5,000 per well) were added into the upper chamber and invaded cells were counted after 12 h. Cells were stained with 0.1% crystal violet for 15 min at room temperature after 4% paraformaldehyde fixation for 10 min in the lower chamber. Cell migration was monitored via wound healing assay and Transwell chamber assays. Briefly, when transfected cells were 80--90% confluent, a wound was created using a pipette tip and the heal distance was recorded after 24 h to study cell migration ability. Cell migration was also analyzed using a Transwell chamber without Matrigel coating. Harvested cells (5,000 per well) were added into the upper chamber with serum-free medium and the lower upper chamber was filled with 10% FBS medium. Invaded cells in the lower chamber were stained with 0.1% crystal violet for 15 min at room temperature after 4% paraformaldehyde fixation for 10 min after 12 h to analyze cell migration.

### Statistical analysis

Statistical analysis was performed using SPSS software (version 22.0; IBM, Corp., Armonk, NY, USA), and the BBD experiment was designed and analyzed using Design-Expert software (version 8.0; Stat-Ease, Inc.). Data is presented as the mean ± standard deviation. The difference between two experimental groups and multiple comparisons were analyzed by Student\'s t-test (two-tailed and equal variance) and Tukey\'s honestly significant difference method following ANOVA, respectively. P\<0.05 was considered to indicate a statistically significant differences.

Results
=======

### Screen of miRNAs targeting BLM

According published researches ([@b18-mmr-19-06-4819]--[@b20-mmr-19-06-4819]) and bioinformatics analysis, five candidate miRNAs, miR-27b-3p, miR-607, miR-338-3p, miR-361-3p and miR-628-5p, were identified using TargetScan, miRanda, DIANA and others. miRNA function prediction was analyzed using the DAVID system (the technological process is presented in [Fig. 1A](#f1-mmr-19-06-4819){ref-type="fig"}). Furthermore, the expression levels of miRNAs in PC3 and RWPE-2 cell lines were detected to determine the association between miRNAs and BLM expression, which demonstrated that miR-338-3p and miR-607 had a similar expression pattern to BLM gene in cancer cells and normal cells, whereas miR-628-5p, miR-361-3p and miR-27b-3p the opposite pattern of expression ([Fig. 2](#f2-mmr-19-06-4819){ref-type="fig"}). The effects of miRNA overexpression on BLM in PC3 cells were analyzed at 24 and 48 h after transfection ([Fig. 3](#f3-mmr-19-06-4819){ref-type="fig"}). The results demonstrated that miR-338-3p and miR-607 decreased BLM gene expression in mRNA levels at 24 h, although the decrease was not statistically significant. However, miR-338-3p transfection for 48 h significantly increased BLM mRNA levels in PC3 cells (P\<0.01). Additionally, miR-607 significantly decreased BLM mRNA expression at 48 h after transfection (P\<0.01). Other miRNAs had no significant effects on BLM mRNA expression compared with the NC group (P\>0.05). Dual luciferase activity was determined following co-transfection of PC3 cells with miRNA and PGL-UTR-WT containing the wild type 3′-UTR of BLM. miR-607 and miR-27b-3p modulated BLM gene relative luciferase activity by directly targeting the BLM 3′-UTR ([Fig. 4A](#f4-mmr-19-06-4819){ref-type="fig"}).

### Validation of the effects of miR-607 and miR-27b-3p

Following the initial results, for investigation of the regulatory roles of miR-607 and miR-27b-3p, PGL-UTR-MUT, in which four key bases were mutated at the miR-27b-3p binding sites, and PGL-UTR-DEL, in which miR-607 binding sites in the BLM 3′-UTR was deleted, were used for further validation. The designed mutation and deletion sites are presented in on [Fig. 1B](#f1-mmr-19-06-4819){ref-type="fig"}. PC3 cells were co-transfected with PGL-UTR-MUT or PGL-UTR-DEL and miR-27b-3p or miR-607, respectively, and relative luciferase activity was measured after 24 h ([Fig. 4B](#f4-mmr-19-06-4819){ref-type="fig"}). PGL-UTR-WT co-transfection with miR-27b-3p or miR-607 decreased luciferase activity compared with PGL-UTR-WT transfection alone (P\<0.05 and P\<0.01, respectively), whereas PGL-UTR-MUT co-transfection with miR-27b-3p, and PGL-UTR-DEL co-transfection with miR-607 produced no significant difference compared the vector control (P\>0.05). Finally, BLM helicase expression was determined by western blot analysis after miR-27b-3p and miR-607 overexpression in PC3 cells. miR-27b-3p and miR-607 reduced BLM helicase protein expression compared with NC mimic transfection ([Fig. 5](#f5-mmr-19-06-4819){ref-type="fig"}).

### Interaction between miRNAs

BBD was applied to explore interactions between miRNAs. In the previous assays, miR-338-3p had the activity to impair relative luciferase and displayed a multiple effects in various acting doses or times. Therefore, miR-338-3p was selected as one factor to represent endogenous noise of miRNAs. The relative luciferase activity of all runs including different miRNA dose compositions is presented in [Table VII](#tVII-mmr-19-06-4819){ref-type="table"}. The final results are presented in [Table VIII](#tVIII-mmr-19-06-4819){ref-type="table"}, which demonstrated that the calculated statistical model is statistically significant (P\<0.01) and the lack of fix is not significant (P\>0.8). It indicated that a proper formula mode had been built for prediction of interaction effects between miRNAs on the luciferase activity of PGL-UTR-WT containing the BLM 3′-UTR. miR-27b-3p and miR-607 were significant factors (P\<0.01) affecting relative luciferase activity, but the effect of miR-338-3p on relative luciferase activity was not significant (P\>0.05). The results also demonstrated that the interaction effects between miR-607 and miR-27b-3p, and interaction effects between miR-607 and miR-338-3p were statistically significant (P\<0.05), but the interaction effect of miR-27b-3p and miR-338-3p was not significant (P\>0.05). The calculated model coefficient is presented in [Table IX](#tIX-mmr-19-06-4819){ref-type="table"}, and the negative values of factors by code value calculation suggested a decrease in relative luciferase activity. Thus, the calculated equation indicated the synergetic inhibitory effects of miR-607, and miR-27b-3p or miR-338-3p. The radian degree and direction of curves on contours in [Fig. 6](#f6-mmr-19-06-4819){ref-type="fig"} demonstrated the intensity and manner of interactions between two factors in different dose compositions. The interactional contour between miR-607 and miR-27b-3p further demonstrated their synergistic effects on the reduced BLM gene expression.

### Effects of miR-27b-3p and miR-607 on PC3 proliferation, colony formation, migration and invasion

The effects of miR-27b-3p and miR-607 on PC3 cell proliferation ([Fig. 7](#f7-mmr-19-06-4819){ref-type="fig"}), colony formation ([Fig. 8](#f8-mmr-19-06-4819){ref-type="fig"}), migration ([Fig. 9](#f9-mmr-19-06-4819){ref-type="fig"}) and invasion ([Fig. 10](#f10-mmr-19-06-4819){ref-type="fig"}) were analyzed. All results are summarized in [Table X](#tX-mmr-19-06-4819){ref-type="table"}, which demonstrated that miR-27b-3p overexpression in PC3 cells reduces proliferation, colony formation and invasion abilities compared with the NC group (P\<0.01). miR-607 overexpression significantly reduced colony formation and migration of PC3 cells (P\<0.01).

Discussion
==========

In the current study, five miRNAs were identified using various online software tools, and miR-27b-3p and miR-607 were validated suppressors of BLM gene expression ([@b19-mmr-19-06-4819]). The different online software varying featured that were considered to identify the most potential miRNAs for subsequent validation *in vitro*. Bioinformatics selection (data not shown) identified miR-628-5p, miR-361-3p, miR-338-3p, miR-607 and miR-27b-3p as potential candidate miRs that may target BLM mRNA. Recent studies indicated that miR-361-3p, miR-338-3p and miR-27b-3p have oncosuppressive functions. There are fewer studies on miR-607 ([@b24-mmr-19-06-4819]) and miR-628-5p ([@b25-mmr-19-06-4819]) so further study is required. Subsequently, the expression of the five miRNAs and BLM were detected by RT-qPCR in normal cells (RWPE-2 cell line) and a cancer cell line (PC3) to determine the expression correlation between these miRNAs and BLM. The results indicated that miR-628-5p, miR-361-3p and miR-27b-3p had lower expression in PC3 cells than in RWPE-2 cells, whereas BLM, miR-338-3p and miR-607 had the opposite pattern of expression. The negative association between BLM gene expression, and miR-628-5p, miR-361-3p and miR-27b-3p levels suggested that miR-628-5p, miR-361-3p and miR-27b-3p may be potential miRNAs that regulate BLM gene expression at the post-transcriptional level. The results of the dual luciferase assay and western blot analysis revealed that miR-27b-3p and miR-607 inhibit BLM gene expression. Additionally, previous studies have indicated that miR-628-5p, miR-361-3p and miR-27b-3p may be anti-cancer factors, as they have lower expression levels in cancer compared with normal cells ([@b18-mmr-19-06-4819],[@b26-mmr-19-06-4819],[@b27-mmr-19-06-4819]). However, more tumor samples and cell lines are required to determine whether these miRNAs are anti-cancer factors. By contrast, the higher expression level of BLM, miR-338-3p and miR-607 in PC3 cells indicate that they may have the potential to be tumor markers for clinical diagnosis ([@b21-mmr-19-06-4819],[@b28-mmr-19-06-4819]). miRNA overexpression, dual luciferase assays and western blot analysis were performed to explore the role of these miRNAs in the regulation of BLM. The results indicated that miR-607 and miR-338-3p decreased the level of BLM mRNA at 24 h post-transfection, whereas miR-338-3p elevated the BLM mRNA level at 48 h post-transfection. miR-607 significantly reduced the BLM mRNA level at 48 h post-transfection, but miR-27b-3p had no evident effect on BLM mRNA. However, the dual luciferase assay and western blot results suggested that miR-27b-3p and miR-607 can target the BLM 3′-UTR reduce the protein expression. This suggested that miR-607 and miR-27b-3p act by decreasing BLM mRNA levels and reducing the translation of BLM mRNA, respectively.

Multiple mechanisms of action of miRNAs allow for positive or negative mutual effect between miRNAs. Mutual effect of miRNAs may have many advantages for medicinal application, such as higher drug efficacy and lower secondary actions ([@b29-mmr-19-06-4819],[@b30-mmr-19-06-4819]). Understanding the interaction mechanisms of miRNAs provides more information on the regulation process of BLM gene expression at the post-transcriptional level. BBD has been applied to determine interactions between multiple factors in previous studies ([@b31-mmr-19-06-4819]). Latin square design and the equivalent line method ([@b2-mmr-19-06-4819],[@b30-mmr-19-06-4819]--[@b32-mmr-19-06-4819]) are also able to calculate interaction effects, but the lower dose application of factors, more reasonable and three-dimensional arrangements are the main features of BBD which eliminates the dose superposing effects from multiple factors (in the study of factor interaction, multiple factors were used in one treatment group so that the dose of multiple factors will be elevated to create effect results). By contrast, Latin square design lacks consideration of superposition of drug doses. Higher doses will lead to more errors from random and toxic effects, but lower dose will lose effects, which can be resolved using a BBD experiment. A parabolic dose-effect curve is necessary for the equivalent line method and two dose-effect curves of drugs must not cross. In brief, BBD was the best choice for analyzing the interaction effects among the miRNAs in the present study. miR-27b-3p and miR-607 were demonstrated to reduce BLM protein expression, and understanding their mutual effects has potential to assist future drug development. miR-338-3p has been reported to influence the proliferation and metabolism of cancer cells in recent reports ([@b19-mmr-19-06-4819],[@b33-mmr-19-06-4819]). According to our findings, action time and dose altered the effects of miR-338-3p on BLM mRNA levels, which implied miR-338-3p may be selected as a reference factor which represents other functional miRNAs in PC3 cells to research miRNA interactions in depth. Therefore, miR-338-3p is suitable to be selected as a factor that represents endogenous miRNAs noise to explore interaction effects between miR-27b-3p and miR-607. miR-338-3p had been selected as auxiliary miRNA to analyze the interaction between miR-27b-3p and miR-607 for a deeper understating of the effects of multiple miRNA interactions on BLM expression. It was demonstrated that the interaction between miR-27b-3p with miR-607, and the interaction between miR-338-3p and miR-607 decreased relative luciferase activity of the BLM reporter, but there was no interaction between miR-27b-3p and miR-338-3p. This indicated that miR-27b-3p and miR-338-3p have the same action mode, so that they have no distinct interaction; whereas, the different action modes between miR-607 and miR-27b-3p created a synergistic effect between miR-27b-3p and miR-607 on the expression suppression of BLM. miR-607 overexpression in PC3 resulted in reduced BLM mRNA level, but miR-27b-3p did not reduce the mRNA level, which also had supported the hypothesis of synergistic effects between miR-27b-3p and miR-607 via different mechanisms of action.

In previous studies, miR-27b-3p ([@b22-mmr-19-06-4819]) and miR-607 ([@b34-mmr-19-06-4819]) were to have anti-cancer functions. It was indicated that miR-27b-3p and miR-607 alter normal proliferation, invasion and migration of prostate cancer cells by decreasing BLM protein expression. Additionally, the effects of miR-27b-3p and miR-607 on the proliferation, migration, invasion and colony formation of PC3 cells were determined. miRNAs regulate important protein expression to alter various cell functions, although the detail mechanisms of the roles of miR-27b-3p and miR-607 in PC3 cells remain unknown as miRNAs commonly regulate multiple target genes, and a gene is also regulated by multiple miRNAs ([@b17-mmr-19-06-4819]). The current study demonstrated that miR-27b-3p and miR-607 cooperatively affected PC3 cells by directly targeting the BLM gene 3′-UTR to have tumor-inhibiting functions. Previous research demonstrated that ML216, which is a small molecule inhibitor of BLM, has anti-proliferative activity in cells ([@b9-mmr-19-06-4819],[@b35-mmr-19-06-4819]), and BLM defects also increase the sensitivity of cancer cells to cytotoxic drugs ([@b36-mmr-19-06-4819]). Thus, the effects of miRNAs on the proliferation, migration, invasion and colony formation of PC3 cells was analyz ed to provide the evidence and theoretical support for clinical treatment of prostate cancer using miRNAs to inhibit BLM pathways. However, expression levels of key protein factors, such as matrix metalloproteinases, cadherins, vascular endothelial growth factor, catenin, need to be determined for stronger evidence.

Finally, it was validated that miR-27b-3p and miR-607 cooperatively reduce BLM gene expression by directly targeting gene the BLM 3′-UTR in PC3 cells and provided information on the post-transcriptional regulation of BLM gene expression. The synergistic use of miR-27b-3p and miR-607 to target BLM gene was more effective than their use alone. In conclusion, the presented study provided evidence that miR-27b-3p and miR-607 have anti-cancer activity, and cooperatively downregulate BLM expression at the post transcriptional level in PC3 cells.

BLM helicase is crucial factor required cell DNA metabolism and is involved in cell proliferation, migration, invasion, apoptosis and the cell cycle in prostate cancer cells ([@b5-mmr-19-06-4819]). Prostate cancer is the second leading cause of cancer-associated mortality in men ([@b1-mmr-19-06-4819]). Targeting the key protein factors, such as BLM, Her2/Neu, epidermal growth factor or tumor necrosis factor-α, in cancer cells by anticancer drugs is main and valid method for cancer remedy ([@b3-mmr-19-06-4819],[@b5-mmr-19-06-4819]). Targeting BLM helicase may be a useful future method to treat patients with prostate cancer ([@b5-mmr-19-06-4819]). However, the post-transcription regulation of BLM gene has remained unclear, which has limited the application and development of drugs targeting BLM helicase. It is important to explore novel anti-cancer drugs targeting BLM, to understand the BLM gene regulation pathway and to identify other novel cancer targets and tumor markers.
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![miR screening method and designed mutation or deletion sites. (A) Several prediction and function analysis software programs were used to screen candidate miRs, including miR-27b-3p, miR-607, miR-361-3p, miR-628-5p and miR-338-3p as candidates. (B) miR-27b-3p and miR-607 interaction sites with BLM 3′-UTR and mutational sites where four interaction bases of miR-27b-3p are changed and edited sequence where the interaction region of miR-607 is deleted. Predicted miR binding sites of BLM 3′-UTR are displayed. miR, microRNA; WT, wild type; BLM, BLM, BLM RecQ like helicase; UTR, untranslated region; MUT, mutated.](MMR-19-06-4819-g00){#f1-mmr-19-06-4819}

![Amplification efficiencies and expression levels of BLM mRNA and five miRNAs in RWPE-2 and PC3 cell lines. BLM, miR-628-5p, miR-361-3p, miR-338-3p, miR-27b-3p and miR-607 expression was analyzed by reverse transcription-quantitative polymerase chain reaction and (A) standard curve equations of amplification are shown. (B) The relative mRNA and miRNA expression levels were normalized to GAPDH and U6 respectively and following Pfaffl\'s method was applied to calculate expression levels. n=3. \*P\<0.05, \*\*P\<0.01. BLM, BLM, BLM RecQ like helicase; miR, microRNA.](MMR-19-06-4819-g02){#f2-mmr-19-06-4819}

![BLM gene expression levels in mRNA levels after miRs overexpression. PC3 cells transfected with miR mimic and samples were collected and analyzed by reverse transcription-quantitative polymerase chain reaction at (A) 24 and (B) 48 h. BLM gene expression was normalized to GAPDH. n=3. \*\*P\<0.01. BLM, BLM RecQ like helicase; NC, negative control; miR, microRNA.](MMR-19-06-4819-g03){#f3-mmr-19-06-4819}

![Effects of miRs on relative luciferase activity. PC3 cells were co-transfected with miR mimic and luciferase reporter vectors. Relative luciferase activity was detected at 24 h and the firefly luciferase activity of each sample was normalized to the *Renilla* luciferase activity. PGL-UTR-WT is a reporter vector containing the wild 3′-UTR sequence BLM mRNA at the 3′-terminal of the firefly luciferase sequence in the pmir-GLO vector. Similarly, PGL-UTR-MUT is a reporter vector containing a mutated BLM 3′-UTR containing an miR-27b-3p interaction region (changed at four bases). PGL-UTR-DEL is a reporter vector with the BLM 3′-UTR sequence containing a miR-607 interaction region partially deleted. (A) Relative luciferase activity results of PGL-UTR-WT + miR mimics. (B) Relative luciferase activity of PGL-UTR-MUT or PGL-UTR-DEL + miR mimics. n=6. \*P\<0.05, \*\*P\<0.01. BLM, BLM RecQ like helicase; PGL, pmir-GLO; UTR, untranslated region; WT, wild-type; NC, negative control; miR, microRNA; DEL, deletion; MUT, mutation.](MMR-19-06-4819-g04){#f4-mmr-19-06-4819}

![Western blot analysis of BLM protein expression levels in PC3 cells at 24 h after miR or NC mimic transfection. NC, negative control; miR, microRNA; BLM, BLM RecQ like helicase.](MMR-19-06-4819-g05){#f5-mmr-19-06-4819}

![Response surface contour map. PGL-UTR-WT and different doses of miR-27b-3p, miR-607 and miR-338-3p were co-transfected into PC3 cells. The relative luciferase activity was detected to determine interactions among miRs targeting BLM. The contour map shows the 0 dose levels (5 µmol/l) of each miR to ease understanding of the interaction effect between miRs. (A) Interaction contour map between miR-27b-3p and miR-607 where the 0 dose level of miR-338-3p has been applied. (B) Interaction contour map between miR-338-3p and miR-607 where the 0 dose level of miR-27b-3p has been applied. (C) Interaction contour map between miR-27b-3p and miR-338-3p where the 0 dose level of miR-607 has been applied. n=6. PGL, pmir-GLO; UTR, untranslated region; WT, wild-type; Luc/Rluc, luciferase/*Renilla* luciferase; miR, microRNA.](MMR-19-06-4819-g06){#f6-mmr-19-06-4819}

![Effects of miR on PC3 cell proliferation. PC3 cells were collected following transfection with miR-27b-3p, miR-607 or NC mimics and used to analyze cell proliferation in an MTT assay. n=4. \*\*P\<0.01. OD, optical density; miR, microRNA; NC, negative control.](MMR-19-06-4819-g07){#f7-mmr-19-06-4819}

![Effects of miR on colony formation of PC3 cells. The number of cell colonies was determined after 5 days of inoculation of PC3 cells in 12-well plates during colony formation assay. \*\*P\<0.01. NC, negative control; miR, microRNA.](MMR-19-06-4819-g08){#f8-mmr-19-06-4819}

###### 

Cell migration assays. (A) Wound healing (n=3) and (B) Transwell chambers assays (five fields of view; n=3) were performed to detect migration of PC3 cells post-transfection with miR or NC mimic. \*P\<0.05, \*\*P\<0.01. NC, negative control; miR, microRNA.

![](MMR-19-06-4819-g09)

![](MMR-19-06-4819-g10)

![Cell invasion assays. Transwell chambers assays (five fields of view; n=3) were used to detect invasion of PC3 cells post-transfection with miR or NC mimic. The relative histogram results were represented. \*\*P\<0.01. NC, negative control; miR, microRNA.](MMR-19-06-4819-g11){#f10-mmr-19-06-4819}

###### 

miR reverse primers.

  Gene name            Sequence (5′ to 3′)
  -------------------- -----------------------------------------------------------------------------
  Stem loop sequence   GGTCGTATGCAAAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACC
  RT-miR-27b-3p        GGTCGTATGCAAAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACC[GCAGAACTT]{.ul}
  RT-miR-338-3p        GGTCGTATGCAAAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACC[CAACAAAATC]{.ul}
  RT-miR-361-3p        GGTCGTATGCAAAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCAAATCAGAATC
  RT-miR-607           GGTCGTATGCAAAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCGTTATAGATCT
  RT-miR-628-5p        GGTCGTATGCAAAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACC[CCTCTAGTAA]{.ul}
  R-U6                 AACGCTTCACGAATTTGCGT

Underlined indicates miRNA interaction sites in 3′-untranslated region. RT, reverse transcription; R, reverse; miR, microRNA.

###### 

Quantitative polymerase chain reaction primers.

  Gene name         Amplified length (bp)   Sequence (5′ to 3′)
  ----------------- ----------------------- --------------------------
  F-miR-27b-3p      76                      GCGGCATTCACAGTGGCT
  F-miR-338-3p      78                      CGGCATCTCCAGCATCACT
  F-miR-361-3p      77                      CGGCATCCCCCAGGTGT
  F-miR-607         78                      CAGGCATCGTTCAAATCC
  F-miR-628-5p      78                      GGCGGCAATGCTGACATAT
  miR-universal-R                           CAAAGCAGGGTCCGAGGTATC
  F-QBLM            245                     AAGCGACATCAGGAGCCAAT
  R-QBLM                                    GAAGAACTATCACCCCCCAGC
  F-GAPDH           307                     CGGAGTCAACGGATTTGGTCGTAT
  R-GAPDH                                   AGCCTTCTCCATGGTGGTGAAGAC
  F-U6              93                      CTCGCTTCGGCAGCACA
  R-U6                                      AACGCTTCACGAATTTGCGT

F, forward; miR, microRNA; R, reverse; BLM, BLM RecQ like helicase.

###### 

Transfectional efficiency detection of miR mimic.

  miR          Fold increase vs. NC   P-value
  ------------ ---------------------- ----------
  miR-628-5p   360.21                 P\<0.001
  miR-361-3p   4,802.11               P\<0.001
  miR-338-3p   36.147                 P\<0.001
  miR-607      29,0972.79             P\<0.001
  miR-27b-3p   14.58                  P\<0.001

miR, microRNA.

###### 

Primers for fragment amplification.

  Primer name      Amplified length (bp)   Sequence (5′ to 3′)
  ---------------- ----------------------- ---------------------------------
  F-BLM-3′-UTR     264                     CCGCTCGAGAAGCGACATCAGGAGCCAAT
  R-BLM-3′-UTR                             ACGCGTCGACGAAGAACTATCACCCCCCAGC
  27b-mutation-F   113                     CTGACCATGACAGACTATAAAGCTGTTAT
  27b-mutation-R   173                     CTTTATAGTCTGTCATGGTCAGATGCT
  607-det-R        201                     ACGCGTCGACGTATAACAAGAATA

F, forward; BLM, BLM RecQ like helicase; UTR, untranslated region; R, reverse.

###### 

Coded and real values of variables in the Box-Behnken design.

                   Level (µmol/l)       
  --- ------------ ---------------- --- ----
  A   miR-607      0                5   10
  B   miR-27b-3p   0                5   10
  C   miR-338-3p   0                5   10

###### 

Box-Behnken design with code values.

  Experiment number   A, miR-607   B, miR-27b-3p   C, miR-338-3p
  ------------------- ------------ --------------- ---------------
  1                   −1           −1              0
  2                   1            −1              0
  3                   −1           1               0
  4                   1            1               0
  5                   −1           0               −1
  6                   1            0               −1
  7                   −1           0               1
  8                   1            0               1
  9                   0            −1              −1
  10                  0            1               −1
  11                  0            −1              1
  12                  0            1               1
  13                  0            0               0
  14                  0            0               0
  15                  0            0               0
  16                  0            0               0
  17                  0            0               0

###### 

Results of BBD for relative Luc/Rluc activity.

  Experiment number   A, miR-607   B, miR-27b-3p   C, miR-338-3p   Relative Luc/Rluc activity (%)
  ------------------- ------------ --------------- --------------- --------------------------------
  1                   −1           −1              0               84.74
  2                   1            −1              0               80.42
  3                   −1           1               0               77.5
  4                   1            1               0               53.38
  5                   −1           0               −1              74.44
  6                   1            0               −1              74.55
  7                   −1           0               1               83.25
  8                   1            0               1               63.02
  9                   0            −1              −1              81.61
  10                  0            1               −1              73.81
  11                  0            −1              1               75.6
  12                  0            1               1               64.61
  13                  0            0               0               70.44
  14                  0            0               0               69.9
  15                  0            0               0               68.86
  16                  0            0               0               81.05
  17                  0            0               0               71.08

Designed BBD experiment runs and their respective response results. BBD, Box-Behnken design; Luc/Rluc, luciferase/*Renilla* luciferase; miR, microRNA.

###### 

Results of statistics for Box-Behnken design.

  Source           Sum of squares   df   Mean square   F-value   P-value (Prob \>F)
  ---------------- ---------------- ---- ------------- --------- --------------------
  Model            890.82           6    148.47        8.89      0.0016
  A (miR-607)      294.76           1    294.76        17.65     0.0018
  B (miR-27b-3p)   352.00           1    352.00        21.08     0.0010
  C (miR-338-3p)   40.16            1    40.16         2.41      0.1520
  AB               97.98            1    97.98         5.87      0.0359
  AC               103.38           1    103.38        6.19      0.0321
  BC               2.54             1    2.54          0.15      0.7048
  Residual         166.96           10   16.70                   
  Lack of fit      67.81            6    11.30         0.46      0.8137
  Pure error       99.15            4    24.79                   
  Cor total        1057.78          16                           

df, degrees of freedom; miR, microRNA.

###### 

Predicted equation by Box-Behnken design in code value.

  Coefficient factor   Standard estimate   df   Error   95% CI (low)   95% CI (high)   VIF
  -------------------- ------------------- ---- ------- -------------- --------------- ------
  Intercept            73.43               1    0.99    71.22          75.64           
  A (miR-607)          −6.07               1    1.44    −9.29          −2.85           1.00
  B (miR-27b-3p)       −6.63               1    1.44    −9.85          −3.41           1.00
  C (miR-338-3p)       −2.24               1    1.44    −5.46          0.98            1.00
  AB                   −4.95               1    2.04    −9.50          −0.40           1.00
  AC                   −5.08               1    2.04    −9.64          −0.53           1.00
  BC                   −0.80               1    2.04    −5.35          3.76            1.00

Negative value indicates positive action on BLM expression inhibition. df, degrees of freedom; CI, confidence interval; miR, microRNA; VIF, variance inflation factor.

###### 

Effect of miRs on PC3 cells.

  miR          Proliferation                                        Colony formation                                     Migration (cell scratch)                             Migration (transwell)                                 Invasion (transwell)
  ------------ ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------
  miR-27b-3p   \-^[a](#tfn9-mmr-19-06-4819){ref-type="table-fn"}^   \-^[a](#tfn9-mmr-19-06-4819){ref-type="table-fn"}^                                                                                                              \-^[a](#tfn9-mmr-19-06-4819){ref-type="table-fn"}^
  miR-607                                                           \-^[a](#tfn9-mmr-19-06-4819){ref-type="table-fn"}^   \-^[a](#tfn9-mmr-19-06-4819){ref-type="table-fn"}^   \-^[b](#tfn10-mmr-19-06-4819){ref-type="table-fn"}^   

-, miR can decrease relative ability

P\<0.01

P\<0.05 vs. control group. miR, microRNA.
